High-performance liquid chromatography (HPLC) was applied for aqueous determination of Nnitrosodimethylamine (NDMA). A fluorescence derivatization technique was adopted to enhance detection using HPLC. Derivatization with dansyl chloride was optimized for excitation and emission wavelengths (340 and 530 nm, respectively), pH (9-12), and concentration of dansyl chloride (500 mg/L). An instrumental detection limit of 0.1 ng NDMA using a fluorescence detector was achieved. The NDMA in aqueous samples was extracted by continuous solid-phase extraction using 1.5 g Ambersorb 572. NDMA detection could be lowered to a concentration of 10 ng/L in both water and wastewater samples. The chromatographic peak for NDMA was distinct without interference from the complex matrix of wastewater effluents. Such selectivity of the HPLC method for NDMA determination is necessary for wastewater samples.
INTRODUCTION
N-nitrosodimethylamine (NDMA) has become an emerging contaminant for water and wastewater treatment facilities because of its existence in treated water (Najm and Trussell, 2001 ) and its carcinogenicity (USEPA, 2002) . Since NDMA is a concern at nanogram per liter concentrations, it is essential to develop an appropriate analytical method. Gas chromatography with tandem mass spectrometry in the chemical ionization mode (GC/CI/MS/MS) is commonly used because of its high sensitivity to detect NDMA concentration as low as 1 ng/L (Mitch et al., 2003) . However, this requires expensive equipment and generates relatively high interference when analyzing wastewater samples. Thus, it is of great importance to develop a low-cost, selective, and sensitive analytical method for NDMA detection in water and wastewater.
In this study, we evaluated high-performance liquid chromatography (HPLC) analysis, which is relatively low-cost and simple to operate, as an alternative NDMA analytical methodology for nanogram-level detection of NDMA. In order to improve the selectivity and sensitivity of HPLC analytical methods, fluorescence derivatization technique was applied for NDMA detection (Cardenes et al., 2002; Komarova and Velikanov, 2001) . Among several derivatizing reagents is dansyl chloride, which reacts with amino acid and peptides to form a highly fluorescent derivative (Lawrence and Frei, 1976) . In order to use dansyl chloride for fluorescence derivatization for NDMA analysis, NDMA must be denitrosated to produce a secondary amine, dimethylamine (DMA), which will react with dansyl chloride to form a fluorescent dansyl amine (Wang et al., 1992; Frei and Lawrence, 1982) . The sequence of reactions is described in Figure  1 . Solid-phase extraction (SPE) was used to extract NDMA from aqueous samples since SPE uses a smaller amount of solvent as compared with liquid-liquid extraction. The SPE may be conducted in either batch or continuous mode. In this study, we used the continuous mode, where the water sample flows through the fixed medium at a specific flow rate. Ambersorb 572, which is known as highly selective for NDMA, was used as an extraction medium.
Figure 1 Reactions in NDMA analysis: (a) denitrosation and (b) derivatization
The main objective of this work was to evaluate the HPLC with fluorescence derivatization for the selective detection of nanogram-level NDMA in water samples. In the first part, denitrosation and dansylation were optimized using different chromatographic and derivatization conditions. The second part was to evaluate the feasibility of the HPLC method for nano-gram determination of NDMA in both water and wastewater samples.
METHODOLOGY

Fluorescence derivatization
Fluorescence derivatization (dansylation) was optimized using an aqueous DMA standard solution and varying the derivatizing conditions, such as pH, dansyl chloride concentration, and reaction temperature and time. Prior to dansylation, 0-100 μl of 1 M NaOH and 200 μl of 0.5 M NaHCO 3 were added to 1-ml HPLC vials containing 10 μl of DMA standard solutions to determine the pH dependence of dansylation. The pH ranged from 9 to 13. Subsequently, dansyl chloride reagent (150 μl) was added to the buffered solutions. Different dansyl chloride concentrations (100-2000 mg/L) were applied to this step. Immediately after addition of dansyl chloride, the vials were capped and vortexed for 10 seconds. The vials were placed on a heating block with different temperatures (room temperature, 40, and 60 °C) and times (10, 30, and 60 min) and cooled down before HPLC analysis.
Denitrosation of NDMA
For denitrosation, 100 μL of standard solution (in dichloromethane) was placed in a 1-ml HPLC vial and 10 μL of denitrosation reagent was added. After the vial was placed on a heating block (60 °C) for 20 min, the vial cap was opened to evaporate dichloromethane. A modified denitrosation method was also tested with one additional hour of drying on the heating block (40 °C) with the vial cap opened to remove the remaining denitrosation reagent (a mixture of hydrobromic acid and acetic acid) (Cha et al., 2006) . After drying, the optimized conditions were applied for dansylation. 100 μl of nano-pure water was added to dansylated samples for HPLC analysis.
Analytical apparatus
Pre-column derivatized samples were measured with a Waters (Milford, MA, USA) HPLC unit, which consisted of a Waters 600 Multisolvent delivery system, Waters 600E system controller, Waters 2475 Multi λ Fluorescence Detector, and Waters 717Plus Autosampler. A NovaPak ® C18 column (3.9×150 mm, particle size of 4 μm) was supplied by Waters and used as an analytical column. A sentry guard column (Waters) was used in conjunction with the analytical column. Data acquisition and processing was done with Millenium 32 (Waters) software. An acetonitrilewater mixture (2:1, in volume) was used as a mobile phase (eluent) after degassing for at least 20 min with an ultrahigh-pure grade helium gas. Degassing was continued during analysis at a gas flow rate of 20 ml/min. The flow rate of the eluent was 1 ml/min (isocratic mode).
Solid-phase extraction (SPE)
NDMA was extracted from water samples using a Supelco (Bellefonte, PA, USA) 12-port Visiprep Solid Phase Extraction Vacuum Manifold and 1500 mg Ambersorb 572 was used as a solid-phase extraction material (Cha et al., 2006) . The 6-ml glass SPE tubes with Teflon frits were packed with Ambersorb 572 and covered on top by another frit. Extraction procedures were modified from previous methodologies (Charrois et al., 2004; USEPA, 2004a) . The SPE bed (Ambersorb 572) was first precleaned with hexane followed by dichloromethane. After drying off the residual solvent by vacuum (-35 kPa), preconditioning was achieved by passing methanol and then nano-pure water.
Water samples were buffered to a pH of 8.2 by adding 2 g NaHCO 3 per liter of sample. NDMA standards (in methanol) were then spiked in the buffered samples (100 or 500 ml). After introducing the samples to the SPE tube through large volume samplers for about 1.5 hours by vacuum (-10 kPa), the residual water was removed from the extraction medium (Ambersorb 572) by vacuum (-35 kPa). NDMA was eluted from the Ambersorb 572 with 7 ml of dichloromethane and collected in 10-ml glass tube. The extract was then passed through a new SPE tube, which was packed with 5 g anhydrous Na 2 SO 4 , to remove the residual water. The anhydrous Na 2 SO 4 was washed out again with an additional 3 ml of dichloromethane to give a total extract volume of 10 ml. The extracts were then concentrated to 200 μl on a heating block (40 °C) under the ultra-high pure nitrogen gas. All procedures, solid-phase extraction and concentration, were conducted in the dark.
RESULTS AND DISCUSSION
Optimization of fluorescence derivatization
Excitation and emission wavelengths. Fluorescence derivatization of dimethylamine (DMA), the denitrosated produect of NDMA, was optimized for various analytical conditions, such as excitation and emission wavelength, pH, concentration of derivatizaing reagent (dansyl chloride), reaction time and temperature. Fluorescence intensity was maximized at an excitation wavelength of 340 nm and at an emission wavelength of 530 nm. Although the maximum intensity was obtained at 340 nm for excitation and at 530 nm for emission, a range of ±10 nm around these optimum wavelengths is also acceptable as they show only a slight difference in fluorescence intensity (data not shown).
Effect of pH.
It was also found that derivatization of DMA was dependent on the pH of the solution. When dansyl chloride was used for fluorescence derivatization, solutions were usually buffered to a pH of about 9 to 10 as dansyl chloride reacts with DMA under slightly basic condition (Frei and Lawrence, 1982) . However, it is difficult to accurately adjust pH when small volumes (less than 500 μl) of solution are used for dansylation. Thus the pH of solutions was changed by adding different amount (up to 100 μl) of 1 M NaOH with 200 μl of bicarbonate (0.5 M NaHCO 3 ) buffer. Fluorescence intensity was almost the same for up to 80 μl of 1 M NaOH addition. However, it sharply decreased with an addition of 90 and 100 μl of NaOH (Figure 2.a) . The x-axis in Figure 2 .b represents the corresponding pH of solutions for each quantity of NaOH added. The solution volume was increased to five times the buffered quantity to measure the pH of sample solutions. Fluorescence intensity was reduced greatly when the pH of the solutions was greater than 12.5. From these results, it was found that the pH of the buffered solution should range between 9 and 12 to maximize the fluorescence intensity of the derivative. Thus 50 μl of 1 M NaOH and 200 μl of bicarbonate were selected to give a solution pH of approximately 10 for the remaining experiments with the dansylation of DMA or denitrosated NDMA in this study.
Effect of dansyl chloride. Concentrations of dansyl chloride were varied from 100 to 2000 mg/L in acetone and the fluorescence intensity was almost identical with concentrations of 330 mg/L and above (Figure 3.a) . However, blank samples exhibited linearly-increasing intensity as the dansyl chloride concentration increased (Figure 3.b) . The increased intensity for blank sample will affect the detection limit for NDMA. Thus 330 or 500 mg/L was selected as an optimum dansyl chloride concentration to provide complete dansylation while minimizing interferences.
Dansylation temperature and time. Three different reaction temperatures (room temperature, 40 and 60 °C) and times (10, 30, and 60 min) were investigated based on previous studies (Cardenes et al., 2002; Komarova and Velikanov, 2001; Wang et al., 1992) . However, dansylation temperature and reaction time variation did not affect fluorescence intensity for HPLC analysis. Due to the use of denitrosation reagent, which is a mixture of hydrobromic acid and acetic acid, pH adjustment required the use of more NaOH because there was still remaining acids after the evaporation of dichloromethane. Therefore, it was necessary to investigate the pH dependence of fluorescence detection of denitrosated NDMA samples. Different quantities (10 to 300 μl) of NaOH were added to the HPLC vial instead of doing direct pH adjustment of the solutions. Figure 4 shows how critical the impact of pH was on NDMA analysis as compared to the pH dependence for DMA as shown in Figure 2 . The acidic characteristics of the denitrosation reagent made pH adjustment much more critical. Although the maximum intensity was obtained with the addition of 200 μl of NaOH, the addition of 150 μl of NaOH was initially used to prevent any precipitation due to higher NaOH addition. Method II. Denitrosation was also assessed with a modified methodology where an additional one hour of heating at 40 °C was provided to remove any remaining liquid (hydrobromic and acetic acids) after evaporating dichloromethane and 50 μl of NaOH was added to adjust the pH of the sample solution as was used for the optimum direct dansylation of DMA. The result obtained from this method (method II) had approximately 16% higher intensity as compared to the previous method (method I). Although both methods could be used with proper pH adjustment, complete drying of residual acids after denitrosation (modified method) is recommended to simplify pH adjustment and provide more reliable fluorescence detection. 
Instrumental detection limit
The instrumental detection limit (IDL) for NDMA using HPLC with fluorescence detection was estimated based on the method detection limit (MDL) and signal to noise ratio. The U.S. EPA's MDL was determined by multiplying the standard deviation of 7 replicate samples (10 ng/L NDMA in dichloromethane) by the Student's t-value of 3.143 at 99% confidence and 6 degree of freedom (USEPA, 2004b ). An alternative IDL was estimated by adopting a signal to noise (S/N) ratio of 3. The estimated detection limits are summarized in Table 1 . The IDL based on the S/N ratio was three times higher as compared to the MDL, yielding 0.1 ng of IDL with a 10 μl of HPLC injection. Although the MDL demonstrated the possibility of lower detection of NDMA, the IDL with the S/N ratio was suggested to be the instrumental detection limit of HPLC. Considering the mass of standard samples, up to 6 nanograms of NDMA may be detected by HPLC with fluorescence derivativation. This reveals that the HPLC method is comparable to GC analysis, which can detect up to 1 ng/L through sample extraction (Mitch et al., 2003) .
Determination of NDMA in water samples
NDMA-spiked water samples were prepared in amber glass bottles with nano-pure water. Two concentration ranges, low (less than 200 ng/L, R1) and high (100-1000 ng/L, R2), were tested. 500 ml sample volumes were used for R1 and 100 ml sample volumes for R2 based on the mass recovery through the extraction procedure. Samples were first buffered to pH 8.2 with sodium bicarbonate and then NDMA standards (in methanol) were spiked to make desired concentrations.
Average recovery rates were obtained from the repeated extractions, giving 60.9±8.6% (n=29) for R1 and 75.6±8.9% (n=8) for R2. Higher mass recovery with higher NDMA concentrations presumably resulted from the slower flow rate for processing a 100 ml sample. The sample flow rate was approximately 5.5 and 1.1 ml/min for R1 and R2 samples, respectively. A greater chance of extraction by SPE may be achieved with the slower flow rate and there could be an increase in mass recovery by reducing the flow rate. However, the flow rate for R1 was maintained at 5.5 ml/min because extraction time was considered more important than the increase of recovery rate. 1) The mass of NDMA in the sample volume of 500 μL prior to HPLC analysis.
2) The mass of NDMA in the 10 μL injected to the HPLC.
3) Standard deviation. 4) Method detection limit defined by the U.S. EPA., One-tailed Student's t value of 3.143 at 6 degree of freedom and 99% confidence level was used.
5) Signal to noise ratio.
Standard NDMA concentrations and estimated NDMA concentrations were compared for the R1 and R2 ranges ( Figure 5 ). The estimated NDMA concentration was calculated from the extracted NDMA concentration and average recovery rate. Percent difference between standard NDMA concentrations and estimated NDMA concentrations were 12-162% (average, 40.1%) and 6-23% (average, 10.1%) for R1 and R2, respectively. The most significant difference was found at a concentration of 10-20 ng/L NDMA. This shows the influence of small contamination for lower concentrations during solid-phase extraction or interference from dansyl chloride solution. However, the average ratio of estimated concentrations to standards was close to 1 for both R1 and R2, showing the stable estimation for concentrations of 10-1000 nanograms per liter NDMA from water samples.
In the analysis of field samples, interference is of great concern for accurate measurement. Thus the selectivity of the analytical method is significantly considered. In this study, we spiked NDMA in wastewater effluent, which was obtained from a tertiary wastewater treatment plant, to see if the HPLC/fluorescence method can be feasible for wastewater samples. HPLC chromatograms of wastewater samples presented very clear peaks for NDMA without any nearby interference ( Figure 6 ). This was achieved by the characteristics of fluorescence derivatization, which can only react with amines in the complex organic matrix of wastewater. Such exclusive reaction through derivatization could enhance the selectivity of HPLC/fluorescence method for NDMA in the wastewater. Thus the HPLC/fluorescence method can be an effective analytical tool for determining NDMA in water and wastewater samples. 
CONCLUSION
Through optimizing fluorescence derivatization and applying the HPLC/fluorescence method to field wastewater samples, the HPLC/fluorescence method proposed in this paper appears suitable for nanogram-level determination of NDMA in water and wastewater samples. The method is relatively simple and economical for laboratory research and field measurements. The method uses the selective reaction of dansyl chloride with amines, which is denitrosated from NDMA, providing a chromatograph for NDMA analysis in the complex organic matrices with no interference. Thus we suggest that the HPLC/fluorescence method is an alternative to GC analysis and is effective for the interfering conditions often encountered in the field wastewater samples. 
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